'*C-labeled ribosomal ribonucleic acid (rRNA) was prepared from Azoto bacter chroococcum NCIB 8002, Azotobacter paspali 8A, Azomonas agilis NCIB 8636, Azomonas insignis WR 30, Beuerinckia indica NCIB 8712, and Azospirillum brasilense ATCC 29145. These rRNA's were hybridized under stringent conditions with filter-fixed deoxyribonucleic acid from a great variety of gram-negative bacteria. Each hybrid was described by: (i) the temperature at which 50% of the hybrid was denatured, and (ii) the percent rRNA binding (amount in micrograms of rRNA duplexed to 100 pg of deoxyribonucleic acid). These data were used to construct rRNA similarity maps. The following conclusions could be drawn concerning rRNA cistron similarities. (i) Bacterial genera with free-living, aerobic, nitrogen-fixing members are very diverse and belong to different rRNA superfamilies. The present family Azotobacteriaceae is not a biological unit, and its status as a family is highly questionable. (ii) Azotobacter chroococcum, Azoto bacter vinelandii, Azoto bacter beijerinckii, Azoto bacter paspali, Azoto bacter miscellum, Azotobacter armeniae, and Azotobacter nigricans belong in the genus Azotobacter. Any synonymy of these names remains to be determined. Azomonas agilis, Azomonas insignis, and Azomonas macrocytogenes constitute independent branches, which are about equidistant from Azotobacter and section I of Pseudomonas as presented in Bergey 's Manual of Determinative Bacteriology, 8th ed. Xanthomonas, Alteromonas vaga, and Alteromonas communis are located in the same rRNA superfamily. (iii) The genus Beijerinckia appears to be rather heterogeneous. Its closest relatives appear to be Xantho bacter autotrophicus, "Mycobacterium" flavum, "Pseudomonas" azotocolligans, "Pseudomonas" diminuta, the authentic rhodopseudomonads, and some other organisms. These organisms belong in the same rRNA superfamily as Azospirillum, Agrobacterium, Rhizo bium, Aceto bacter, Glucono bacter, and Zymomonas. (iv) Derxia belongs in still another rRNA superfamily , together with Chromobacterium, Janthinobacterium, the Pseudomonas acidovorans and Pseudomonas solanacearum groups, Alcalienes, and a few other taxa. (v) The following organisms were generically misnamed: "Azomonas insignis" ATCC 12523, "Mycobacterium" flavum 301, "Pseudomonas" azotocolligans ATCC 12417, "Pseudomonas" diminuta CCEB 513, and "Rhodopseudomonas" gelatinosa (all strains examined).
has been examined (15,18). In Bergey's Manual of Determinative Bacteriology, 8th ed. (13) , these characters were used to distinguish four genera in this family. The genus Azotobacter, which was established by Beijerinck (7), consists of cyst-forming free-living, aerobic, gram-negative, nitrogen-fixing bacteria with 63 to 66 mol% G+C content. Winogradsky (49) proposed including the Azotobacter species that do not form thick-walled cysts in a new genus, Azomonas;
the G+C values of members of this genus range from 53 to 59 mol%. Starkey and De (41) isolated from Indian rice field soils a nitrogen-fming organism which they named Azotobacter indicum. Because of its morphological and physiological differences from other Azoto bacter species, Derx (21) proposed including this species in a new genus, Beijerinckia; its G+C content ranges from 55 to 61 mol%. The genus Derxia was proposed by Jensen et al. (32) for the nitrogenfixing organism they isolated from West Bengal soil and which appeared different in many features from all previously known nitrogen-fixing strains. They included it in the Azotobacteriaceae because of its capacity to fm large amounts of nitrogen. Its G+C content ranges from 69 to 72 mol%. We performed DNA-rRNA hybridizations between labeled reference rRNA's from Azoto bacter chroococcum, Azotobacter paspali, Azomonas agilis, Azomonas insignis, and Beijerinckia indica strains and the DNA of a great variety of bacteria to measure the similarity of their rRNA cistrons and to establish the degree of heterogeneity within the family Azotobacteriaceae.
We also performed hybridizations with reference rRNA from Azospirillum brasilense. Azospirilla have been isolated from the rhizospheres of a variety of grasses, legumes, and grain crops and from soils in tropical and temperate regions; they attracted special attention because of their ability to fix nitrogen (24) . The name AzospirilZum was recently proposed by Tarrand et al. (44) . The genus contains two species, Azospirillum lip0 ferum and Azospirillum brasilense. We included the type strain (ATCC 29145) of Azospirillum brasilense and a reference strain (SpBrl7) of Azospirillum lipoferum in the present study in order to determine the taxonomic position of Azospirillum.
We also examined some other free-living, NSfixing bacteria, such as Xanthobacter autotrophicus, "Mycobacterium" flavum, and some rhodopseudomonads.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table  1 . Bacteriological purity of the cultures was tested by plating and by microscopic examination of living and Gram-stained cells. Mass cultures were grown in Roux flasks on media described previously (23) . On a solid medium, Azotobacter chroococcum NCIB 8002 and NCIB 8003 and Derxia gummosa NCIB 9064 produced too much slime, thus preventing harvesting of the cells. These two organisms were grown in liquid culture in broad-bottomed Erlenmeyer flasks; shaking provided good aeration. The Xanthobacter autotrophicus and "Mycobacteriurn" flavum strains were grown in the laboratory of H. G. Schlegel. We received them as freeze-dried cell powders.
Preparation of high-molecular-weight DNA. DNA samples were prepared by the method described by Marmur (35) . They were purified by CsCl gradient centrifugation, denatured, and fmed on cellulose nitrate membrane filters as described previously (17, 23) .
Preparation of ["C] rRNA. Radioactively labeled rRNA was prepared as described previously (17, 23) , using [2-'4C]uracil as precursor. The specific activities of these rRNA's were as follows: 9,898 and 9,997 cpm/ pg for the 23s and 16s fractions of Azotobacter chroococcum NCIB 8002, respectively; 13,646 and 14,336 cpm/pg for the 23s and 16s fractions of Azotobacter paspali 8A, respectively; 14,989 and 15,698 cpm/pg for the 23s and 16s fractions of Azomonas agilis NCIB 8636, respectively; and 6,704 and 6,398 cpm/pg for the 23s and 16s fractions of Azomonas insignis WR 30, respectively. Beijerinckia indica NCIB 8712 and Azospirillum brasilense ATCC 29145 did not incorporate [2-I4C] uracil. With [6-"C]orotate as a precursor for labeling, the rRNA of B. indica NCIB 8712 had specific activities of 1,015 and 959 cpm/pg for the 23s and 16s fractions, respectively, whereas the rRNA of Azospirillum brasilense ATCC 29145 had specific activities of 2,267 and 2,300 cpm/pg for the 23s and 16s fractions. B. indica NCIB 8712 and Azospirillum ATCC 29145 were selected because they are the type strains of their respective species (13, 44) , and the four other strains were selected because they were among the oldest available in their taxa. Azotobacter chroococcum NCIB 8002 appears to be the original Azomonas strain 1 of Winogradsky (9) . Azotobacter paspali 8A, kindly provided by J. Dobereiner, was one of the original strains of Dobereiner. Azomonas agilis NCIB 8636 is one of the strains of J. Smit (9) . Azomonas insignis WR 30 was strain 8 of V. Jensen and was isolated in 1954 (J. P. Thompson, personal communication).
Hybridizations. Hybridizations, ribonuclease treatments, and thermal stability measurements of the hybrids were performed as described previously (17, 23) . Hybridizations were carried out in 2X sodium saline citrate buffer (lx sodium saline citrate buffer is 0.15 NaCl plus 0.015 M sodium citrate), pH 7.0 containing 20% formamide at the stringent temperature of 50°C (17) . For the experiments with the rRNA of B. indica NCIB 8712, a slight modification was needed because of the low specific activity; the thermal stability was measured by increasing temperature steps of 10°C instead of 5°C. By counting each sample for 100 min, the results were well within the limits of sensitivity. We used 23s labeled rRNA in all hybridizations except those with B. indica, where we had to use 16s. NCIB 8002  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44 
Zymomonas mobilis subsp.
Zymomonas mobilis subsp.
Zymomonas mobilis subsp. "The G+C contents were determined in our laboratory by thermal denaturation, except for those taxa with values in parentheses, which were determined from absorbance ratios (14).
Organisms with taxon names in quotation marks are misnamed and do not belong in that taxon.
RESULTS

Sucrose gradient centrifugation of rRNA.
An example of a sucrose gradient sedimentation pattern for each of the six reference rRNA's is shown in Fig. 1 . The 23s fraction of B. indica NCIB 8712 was much smaller than its 16s fraction. The same kind of profile was found for Agrobacterium tumefaciens TT111 and Agrobacterium rhizogenes TR7 (23) and for Acetobacter aceti NCIB 8621 (M. Gillis and J. De Ley, manuscript in preparation). We show below that Beijerinckia appears to be a relative of these taxa.
DNA-rRNA hybridizations. The results of the hybridizations are expressed as the temperature at which 50% of a hybrid was denatured (Tmce)) and the percentage of rRNA binding (micrograms of 14C-labeled rRNA duplexed per 100 pg of filter-fixed DNA). By plotting Tmce)) against percent binding, we obtained rRNA similarity maps. It has to be stressed that the percent rRNA binding is not a measure of rRNA homology, because the latter also depends on the number of rRNA cistrons per genome and the size and the state of replication of the genome (23). It has been reported previously (19, 23) that there is a good correlation between the degree of rRNA similarity, expressed as Tmc,,, and the overall phenotypic similarity of bacterial genera or subgenera. Each taxon occupies a definite area on the rRNA similarity map. The size and shape of this Tea depend on the phenotypic and genetic heterogeneity of the taxon when many strains are included. A few strains suffice to locate a taxon area on the map. Table 2 The Agrobacterium, Chromobacterium, The Tmc,, of the DNA-rRNA hybrid of "Chromo bacterium" maris-mortui ATCC 17059 was 71.5"C. As described previously (19) , DNArRNA hybridizations have shown that this strain does not belong in either Chromobacterium or Janthinobacterium. From our results we can conclude that there is a remote relationship with Azotobacter and Pseudomonas section I (13), although ATCC 17059 does not belong in either of these taxa.
Representative strains of the Enterobacteriaceae were grouped at 67.5 to 69°C and 0.12 to 0.15% rRNA binding, whereas strains of the Vibrionaceae were grouped at 66 to 68.5"C and 0. 20 Table 3 . Obviously, all of these nitrogen-fixing bacteria are closely related. Nevertheless, the rRNA cistrons of Azomonas agilis, Azomonas insignis, and Azomonas macrocytogenes differ as much from each other as from the RNA cistrons of azotobacters.
Similarity of Bevednckia rRNA cistrons. I Xanthobacter and 0.07; these included Rhodopseudomonas palustris, Rhodopseudomonas capsulata, Rhodopseudomonas sphaeroides, Rhodopseudomonas acidophila, Spirillum itersonii, Xanthobacter autotrophicus, and the misnamed "Mycobacterium" flavum, "Agrobacterium aggregatum" (23) , "Pseudomonas" azotocolligans, and "Pseudomonas" diminuta. Another group of taxa was located close to these strains, with TmC,) values from 66 to 68°C; these included Agrobacterium, Acetobacter, Gluconobacter, Zymomonas, Paracoccus, Azospirillum, and the misnamed "Agrobacterium gelatinovorum," "Agrobacterium luteum," "Azotomonas insolita," Azotomonas sp. ATCC 12210, and "Chromobacterium folium" (23). These results agree very well with the inverse hybridizations between Beijerinckia and Agrobacterium reported previously (23) .
Azotobacter and Azomonas strains grouped together, with TmC,) values of 58 to 62"C, whereas Derxia gummosa NCIB 9064 had a T,,,,,, of 55°C.
The considerable differences between the rRNA cistrons of Beijerinckia and Azotobacter-Azomonas are obvious from both rRNA similarity VOL. 30, 1980 rRNA CISTRONS OF NITROGEN-FIXING BACTERIA 117 maps ( Fig. 2 and 3) . The Rhodopseudomonas gelatinosa strains grouped together, with T m ( e ) values of 57 to 59°C.
Similarity of Derxia rRNA cistrons. The rRNA cistrons of Derxia are quite different from those of Beijerinckia, Azotobacter, and Azomonas. The hybrids of D. gummosa DNA with rRNA of Azotobacter chroococcum NCIB 8002 had the same T m ( e ) values as the hybrids of strains of Alcaligenes, Chromo bacterium, Janthino bacterium ( 19) , and Pseudomonas section I11 of Bergey's Manual (Table 1) . Therefore, hybridizations were performed between the DNA of D. gummosa and reference [ "CIrRNA's of these taxa ( Table 2 ). The results proved that Derxia is a member of this group of taxa but has a separate position among them ( T m c e ) , approximately 70°C). 
Similarity
DISCUSSION
The taxonomic relationships among numerous genera and subgenera of gram-negative bacteria, involving hundreds of bacterial species, are being investigated in our laboratory by DNA-rRNA hybridizations (17, 19, 23 ; De Ley et al., manuscript in preparation). With this method we have been able to classify these taxa into several rRNA superfamilies. The first rRNA superfamily contains the Enterobacteriaceae and the Vibrionaceae; the second superfamily consists of Pseudomonas section I of Bergey's Manual (13) , Xanthomonas, Aplanobacter, and several other taxa; the third rRNA superfamily consists of Chromobacterium, Janthinobacterium (19) , Pseudomonas sections I1 and I11 (13) , the authentic Alcaligenes strains, and several other taxa; and the fourth rRNA superfamily consists mainly of taxa connected with the phytosphere, i.e. Rhizobium, Agrobacterium, Phyllobacterium, Zymomonas, Acetobacter, Glucono bacter, and several other taxa. An important point for the present discussion is that there is a distinct correlation between rRNA similarities, ex- It is very striking that 10 strains of Azotobacter chroococcum, 7 strains of Azotobacter beijerinckii, 9 strains of Azotobacter vinelandii, 1 strain of Azotobacter miscellum (very likely identical with Azotobacter vinelandii [ 15] ), 1 strain of Azotobacter nigricans, and 10 strains of Azotobacter paspali have rRNA cistrons which are almost identical (Tables 1 and 3 ) and are thus located very close together on the rRNA similarity map (Fig. 2) . It is very encouraging to note that all of the cyst-forming organisms, which are phenotypically very similar, have very similar rRNA cistrons. Our results confirm that the genus Azotobacter, as described in Bergey's Manual, 8th ed. (13), is a real biological taxon and not a taxonomic artifact. Strains WR 136, WR 138 and WR 139 were isolated from soil in Armenia and were originally classified as Azotobacter agilis subsp. armeniae (34). In a numerical analysis of the Azotobacteriaceae, J. P.
Thompson (Ph.D. thesis, University of Queensland, Queensland, Australia, 1975) classified Azoto bacter nigricans and Azoto bacter armeniae as separate species in Azotobacter and designated Azotobacter miscellum a subjective synonym of Azotobacter uinelandii. The same author proposed that a new genus be established for Azoto bacter paspali. However, the latter proposal is opposed by our observations on rRNA similarities, which very strongly suggest that Azotobacterpaspali is a normal member of the genus Azotobacter.
A total of 7 strains of Azomonas agilis, 5 strains of Azomonas macrocytogenes, and 11 strains of Azomonas insignis all fall in the same area on the rRNA similarity map. It should be noted that Azomonas insignis ATCC 12523 is misidentified. We received two subcultures of this strain from the American Type Culture Collection, and both gave the same results, as follows. The T m ( e ) of 68" C is far outside the range of the Tmt,) values of authentic Azomonas insignis strains. The G+C content of the DNA of ATCC 12523 is 43.4 instead of 55 to 58 mol%. On our growth media, this organism was not motile, contrary to the findings of Dem (22), who described the motility of Azomonas insignis as very characteristic. The actual taxonomic position of ATCC 12523 is unknown. De Ley and Park (18) discovered that the DNA base composition of Azomonas agilis (51 to 53 mol% G+C) is quite different from that of Azomonas macrocytogenes and Azomonas insignis (55 to 59 mol% G+C). Therefore, these authors suggested locating Azomonas agilis in a separate genus as Azotococcus agilis and locating Azo-monas insignis and Azomonas macrocytogenes in Azomonas. In Bergey's Manual, 8th ed. (13), all three species are included in the genus Azomonas. We reexamined this problem by hybridizing DNAs from organisms in this group with ["C] rRNA's from Azomonas insignis WR 30 and Azomonas agilis NCIB 8636 (Table 3 ). The rRNA cistrons of Azomonas macrocytogenes, Azomonas insignis, and Azomonas agilis differ as much from each other as they do from the rRNA cistrons of azotobacters (T,(,, of the DNA-rRNA hybrids, from 75 to 76.5OC). The relationship between these four taxa can be expressed nomenclaturally in several ways. One solution would be to create three separate genera, one each for Azomonas agilis, Azomonas macrocytogenes, and Azomonas insignis; this might be the most logical solution but it is certainly not the most practical solution for the moment. However, pending further research on phenotypic analysis and genome comparisons, we prefer temporarily to retain the three species in the genus Azomonas. This genus is more heterogeneous (G+C content, from 52 to 59 mol%;T,(,) of the intrageneric DNA-rRNA hybrids from 75 to 80.5" C) than is Azotobacter (63 to 67.5 mol% G+C; intrageneric Tmce,, from 77.5 to 81°C). Tables 1 and 3 and Fig. 2 show that there is a close similarity in Tmte) values among the rRNA cistrons of azotobacters, the three species of Azomonas, and the species of Pseudomonas section I (13) . In addition, these five taxa are equidistant from each other at a Tmce, of about 76°C. We concluded from these rRNA similarities that the taxa Azotobacter, Azomonas, and Pseudomonas section I belong in the same rRNA superfamily. Our conclusion on the close genetic relatedness between Pseudomonas section I and Azotobacter is emphasized by a comparison of the structure of another gene product. Ambler (1) found close similarities between the amino acid sequences of cytochrome c-551 of five Pseudomonas species from section I and cytochrome c-551 of Azotobacter vinelandii. The sequence differences between the cytochromes from the Pseudomonas strains were in the range of 20 to 40%, and the cytochrome of Azotobacter vinelandii differed by the same amount from the Pseudomonas cytochromes.
Ambler (1) writes, "It is interesting to note that by this single genetic criterion A. uinelandii is as good a Pseudomonas as any of the others."
The full importance of this observation has been underestimated up to now. However, in conjunction with our results on rRNA cistron similarities, both arguments are powerful evidence that Pseudomonas, Azotobacter, and Azomonas are close branches of the same phylogenetic tree.
The similarity in Tmc,) values between the rRNA cistrons of Azotobacter and Azomonas and the rRNA cistrons of pseudomonads other than the pseudomonads in section I is much smaller (T,,,), 62 to 64°C). The explanation is that the present genus Pseudomonas is extremely heterogeneous (36) and consists very likely of at least two genera and a number of misnamed strains ( De Vos and De Ley, manuscript in preparation). The genus Alteromonas is heterogeneous ( Table 1 and Fig. 2) . Alteromonas vaga and Alteromonas communis are located in the same rRNA superfamily as Azotobacter and Azomonas at Tm(e) values of 71.5 to 72°C. Alteromonas haloplanktis and Alteromonas macleodii are located in the vicinity of the Enterobacteriaceae and the Vibrionaceae, with Tme,, values of 67 to 68.5"C. The rRNA heterogeneity of AZteromonas agrees very well with the results of a numerical analysis of the phenotypic features of a diversity of aerobic marine bacteria. Alteromonas vaga and Alteromonas communis grouped together at 72% phenotypic similarity in one group of taxa, whereas Alteromonas haloplanktis and Alteromonas macleodii clustered at 72% similarity with a second group of taxa; both groups linked at 40% phenotypic similarity (5).
The genus Beijerinckia is much more heterogeneous than Azotobacter and Azomonas. Although the Tmc,, values of all of the strains used are limited within a 3°C range, the percent rRNA binding varies from 0.14% for B. mobilis LMD 50.27 to 0.52% for the reference strain B. indica NCIB 8712 (Table 1 and (Fig. 3) , further conclusions on the intrageneric taxonomic relationships of Beijerinckia can only be drawn when more phenotypic and genome comparisons become available. The extreme position of B. mobilis LMD 50.27 on the rRNA similarity map suggests that it may be a rather exceptional member of the genus. This is corroborated by the unusual phenotypic features of the species B. mobilis summarized in Table 7 .9 Bergey's Manual (13). On the rRNA similarity map (Fig. 3) there are no genera in the immediate vicinity of Beijerinckia, which suggests that this genus has a separate phylogenetic position; it is indeed phenotypically easily distinguished from almost all other genera of bacteria. From Table 1 and Fig. 3 , it is at once obvious that rRNA cistrons of Beijerinckia are not the closest relatives of those of Azotobacter, Azomonas, and Derxia. Beijerinckia belongs in an rRNA superfamily with Agrobacterium, Rhizobium (23), Acetobacter, Glucono bacter, Zymomonas (Gillis and De Ley, manuscript in preparation), and other taxa (this paper). The phenotypic similarity among Agro bacterium, Rhizobium, and Beijerinckia has been determined (28). De Ley et al. (16) clustered these three genera on the basis of their average interand intra group phenotypic similarities. When strains of these genera were clustered on the basis of their average T,(,, values, it is very striking that a similar dendrogram was obtained (Fig. 4) . The rRNA cistrons of Beijerinckia most closely resemble those of Rhodopseudomonas pulustris, R. sphaeroides, R. capsulata, Spirillum itersonii subsp. vulgatum, Xanthobacter autotrophicus, and the misnamed "Myco bacterium " fluvum, "Pseudomonas" azotocolligans, "Pseudomonas" diminuta, and "Agrobacterium" uggregatum (23 Fig. 3 ) that it belongs in our fourth rRNA superfamily of gram-negative taxa (see above), in which the presence of the Entner-Doudoroff pathway is a common feature (33).
The yellow-pigmented, nitrogen-fixing "Mycobacterium" flauum 301 was isolated by Fedorov and Kalininskaya podzol soil. This organism does not utilize carbohydrates but grows on ethanol and organic acids. Biggins and Postgate (8) examined a number of features of this strain. Its exact taxonomic position is unknown. "Myco bacterium" flauum 301 has the same position as Xanthobacter autotrophicus on the rRNA similarity map of Fig.  3 . This finding points to a possible close relationship between these two taxa. It also shows that "Mycobacterium" flavum 301 does not belong in Mycobacterium, which is completely outside our fourth rRNA superfamily (De Smedt and De Ley, manuscript in preparation).
R. palustris, R. sphaeroides, R. capsulata, and R. acidophila are located in the same region as Xanthobacter autotrophicus on the rRNA similarity map compared with B. indica NCIB 8712 (Fig. 3) . Upon close inspection, some phenotypic similarities between the two genera are evident. Van Niel (46) described the cell morphology of R. palustris in older cultures as "strikingly reminiscent of Corynebacterium and Myco bacterium species." Likewise, R. capsulata and R. sphaeroides have irregular cell shapes (46). Cell morphology was one of the main reasons why Schlegel and co-workers (6) originally classified their hydrogen bacterium as a Corynebacterium. Both Xanthobacter and Rhodopseudomonas fix nitrogen, use molecular hydrogen as an electron donor, possess hydrogenase and catalase, produce carotenoid pigments, have the same range of G+C content (between 65 and 70 mol%), use many organic acids as substrate, assimilate few or no carbohydrates, and possess the Entner-Doudoroff pathway. The position of R. gelatinosa is exceptional. We tested four strains of this species. On the rRNA similarity map of B. indica (Fig. 3) , they are all located at a T,,,, of 57 to 59"C, quite out of the range of the other Rhodopseudomonas species. From hybridizations with other reference rRNA's, we know that these strains are not related to the Enterobacteriaceae, the Vibrionaceae, the Rhizo biaceae, Chromo bacterium, Janthinobacterium, the acetic acid bacteria, and many other taxa (M. Gillis and with amino acid sequence data (2). Cytochrome c2 of authentic rhodopseudomonads is most similar to cytochrome c550 of Paracoccus denitrificans. R. gelatinosa cytochrome c2, however, more closely resembles cytochrome cS1 of Pseudomonas. Our data suggest that R. gelatinosa should be moved to another genus. The probable kinship between Paracoccus denitrificans and authentic rhodopseudomonads is confmed by DNA-rRNA hybridizations; they are located in the same region on the rRNA similarity map and belong in our fourth rRNA superfamily (Fig. 3) . Our results show that there are unexpected distinct generic similarities between authentic Rhodopseudomonas strains and our fourth rRNA superfamily (Agrobacterium, Rhizobium, Acetobacter, Gluconobacter, Zymomonas, Beijerinckia, Azospirillum, etc.). This tends to upset the widespread view that phototrophic bacteria constitute a separate phylogenetic branch, entirely different from the ordinary chemoorganotrophic bacteria and most closely related to the primitive bacteria from the Precambriam period.
"Pseudomonas" azotocolligans was described by Anderson (3) as a nitrogen-fixing, polarly flagellated organism. However, Hill and Postgate (30) found no nitrogen fixation for "Pseudomonas" azotocolligans NCIB 939 1, and De Ley (15) showed that the same strain was peritrichous. On the basis of flagellation, this organism was misidentified. The results of the DNA-rRNA hybridizations agree perfectly with the latter conclusion.
"Pseudomonas" diminuta is phenotypically (4) and on the basis of DNA homology (37) and rRNA homology (38) quite different from the other Pseudomonas groups. This organism does not utilize carbohydrates, only some alcohols and organic acids. Physiologically it most closely resembles Ghconobacter (4). The rRNA cistrons show remote similarity to those of Acetobacter and Gluconobacter (Gillis and De Ley manuscript in preparation). Our results agree with these findings.
Previously, we have shown that "Agrobacterium" aggregatum does not belong in Agrobacterium (23). This organism is located on the rRNA similarity map of B. indica NCIB 8712 at a Tmce, of 72°C. Two other misidentified organisms ("Agro bacterium" gelatinovorum and "Agrobacterium" luteum) are located in the same rRNA superfamily.
Azospirillum belongs in the same rRNA superfamily as Beijerinckia (Fig. 3) . The rRNA cistrons of Azospirillum lipoferum and Azospirillum brasilense are very similar ( Table 1) . The interspecies DNA homology in this genus was 30 to 50% (44) . A similar situation was described previously for Agrobacaterium cluster I (23); organisms with 45% or more DNA homology have almost identical rRNA cistrons. The closest relatives of Azospirillum now known are S. itersonii subsp. vulgatum and S. polymorphum. Although these organisms belong in one rRNA group, the inclusion of the nitrogen-fixing azospirilla in a separate genus (44) seems justified; with respect to their rRNA cistrons, they differ as much from the authentic spirilla as Azotobacter differs from Alteromonas communis and Alteromonas vaga. The Azospirillum strains and some Spirillum strains investigated constitute a separate branch in our fourth rRNA superfamily.
Derxia is the fourth genus included in the family Azoto bacteriaceae in Bergey ' s Manual, 8th ed. (13). Its rRNA cistrons are quite different from those of Azotobacter, Azomonas, and Beijerinckia. From the hybridizations between the DNAs from three D. gummosa strains and the I4C-labeled rRNA's from a great variety of other organisms (Tables 1 and 2) , it is quite obvious that the Derxia rRNA cistrons most closely resemble those of Pseudomonas acidovorans, Pseudomonas solanacearum, Chromobacterium violaceum, Janthinobacterium lividum, and Alcaligenes faecalis. These taxa, together with a few others, constitute our third rRNA superfamily, which consists of gram-negative rods which are usually 0.5 to 1 by 1 to 4 pm, do not have resting stages, have 57 to 72 mol% G+C, are chemo-organotrophic, exhibit respiratony metabolism, and occur in soil and water
(19).
Biological fixation of molecular nitrogen can be performed by a great variety of procaryotic microorganisms (39, 42). Most of the aerobic, free-living, nitrogen-fixing bacteria have been assembled in the family Azotobacteriaceae. In the 6th (10) and 7th (11) editions of Bergey's Manual, this family contained only one genus, Azoto bacter, and three species, Azoto bacter chroococcum, Azoto bacter agilis, and Azotobacter indicus. In the 8th edition of Bergey's Manual (13) , there are four genera in the family Azotobacteriaceae: Azotobacter, Azomonas, Beijerinckia, Derxia. There appear to be two main reasons why these genera are maintained in one family: (i) they all fix nitrogen, and (ii) three of the four genera (Azotobacter, Azomonas, and Beijerinckia) are based on species which had been placed in the genus Azotobacter (I I) . No other specific fundamental features except Gram negativity, strict aerobiosis, and chemo-organotrophy support the classification of these four genera into one family. These genera are phenotypically very heterogeneous in cell size and shape, cyst formation, type of flagellation, lipid inclusion, manner of growth, G+C composition of DNA, etc. (19, 27, 29, 30, 
45). Previous experience in our laboratory has
shown that organisms which belong to a wellestablished, phenotypic family, such as the Rhizobiaceae (23), the Enterobacteriaceae, or the Vibrionaceae (De Ley, Tytgat, and De Smedt, manuscript in preparation), form DNA-rRNA hybrids with a Tm(e) of at least 68°C. Derxia, Beijerinckia, Xantho bacter, and Azospirillum are all at a T,(,, below 66°C versus Azotobacter.
They can thus not belong in the same family as Azoto bacter. The free-living, nitrogen-fixing bacteria occur in three rRNA superfamilies. These results induce us to conclude either that the present family Azotobacteriaceae does not exist as a biological unit or that it should be limited to the genera Azotobacter and Azomonas.
